Background-We evaluated the effects of the site of ventricular pacing on left ventricular (LV) synchrony and function in children requiring permanent pacing. Methods and Results-One hundred seventy-eight children (aged <18 years) from 21 centers with atrioventricular block and a structurally normal heart undergoing permanent pacing were studied cross-sectionally. Median age at evaluation was 11.2 (interquartile range, 6.3-15.0) years. Median pacing duration was 5.4 (interquartile range, 3.1-8.8) years. Pacing sites were the free wall of the right ventricular (RV) outflow tract (n=8), lateral RV (n=44), RV apex (n=61), RV septum (n=29), LV apex (n=12), LV midlateral wall (n=17), and LV base (n=7). LV synchrony, pump function, and contraction efficiency were significantly affected by pacing site and were superior in children paced at the LV apex/LV midlateral wall. LV dyssynchrony correlated inversely with LV ejection fraction (R=0.80, P=0.031). Pacing from the RV outflow tract/lateral RV predicted significantly decreased LV function (LV ejection fraction <45%; odds ratio, 10.72; confidence interval, 2.07-55.60; P=0.005), whereas LV apex/LV midlateral wall pacing was associated with preserved LV function (LV ejection fraction ≥55%; odds ratio, 8.26; confidence interval, 1.46-47.62; P=0.018). Presence of maternal autoantibodies, gender, age at implantation, duration of pacing, DDD mode, and QRS duration had no significant impact on LV ejection fraction. Conclusions-The site of ventricular pacing has a major impact on LV mechanical synchrony, efficiency, and pump function in children who require lifelong pacing. Of the sites studied, LV apex/LV midlateral wall pacing has the greatest potential to prevent pacing-induced reduction of cardiac pump function. (Circulation. 2013;127:613-623.)
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February 5, 2013 R ight ventricular (RV) pacing has been used for decades in both adults and children. Recently, several large adult studies, [1] [2] [3] smaller pediatric reports, [4] [5] [6] [7] and a larger pediatric survey 8 have pointed toward the adverse effects of RV pacing. The incidence of left ventricular (LV) dysfunction in RV paced children ranged within a medium follow-up of less than a decade from 6.0% to 13.4%. 7 The impact of pacinginduced dyssynchrony may be especially important in children with a prospect of lifelong pacing that lasts for decades. This idea is furthered by findings that dyssynchronous LV activation causes pathological remodeling and dysfunction. 9 Pediatric pacemaker therapy represents an optimal model for the evaluation of the long-term effects of different pacing sites because, on the basis of surgical preferences and in contrast to adults, various pacing sites are used, including LV epicardial pacing. In small single-center reports [10] [11] [12] [13] [14] and a larger retrospective survey, 8 pacing from the LV apex or free wall was associated with better preservation of LV function. The purpose of the present multicenter study was to evaluate the influence of different ventricular pacing sites on long-term LV function in children with nonsurgical atrioventricular block and a structurally normal heart and to search for a mechanism for the difference in pump function between sites by measuring mechanical synchrony and efficiency in a cross-sectional echocardiographic evaluation.
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Methods
Recruitment and Demography
Patients were recruited from 21 centers providing pacemaker therapy for children (17 European and 4 North American) and had to fulfill the following inclusion criteria: presence of second-or third-degree atrioventricular block necessitating permanent cardiac pacing with >70% ventricular paced beats; age <18 years at the time of primary pacemaker implantation; absence of any but trivial structural heart disease and of any known systemic illness potentially influencing cardiac function; duration of pacing >1 year; and no change in the ventricular pacing site during the follow-up period. A total of 178 patients (female, 96; male, 82; complete atrioventricular block in 171) were included in the study, with a median age at pacemaker implantation of 3.2 years and interquartile range (IQR) of 0.2 to 7.0 years. Atrioventricular block was congenital in 138 patients and diagnosed later during childhood in the remaining 40. Maternal autoantibodies were present in 64 of the 136 mothers tested. Nine of the 178 patients had patent ductus arteriosus that was closed interventionally with the use of coils before (n=3), at the time of (n=3), or after (n=3) pacemaker implantation. The retrospectively gathered data additionally included demographic parameters, preimplantation LV size and function, New York Heart Association classification, and pacemaker implantation details (pacing site as recorded by the implanting physician; lead type [endocardial versus epicardial]; and initial pacing mode and its change during the follow-up period).
Cross-sectional Evaluation
After ethical approval by the hospital review committee and patient consent according to individual institutional guidelines were obtained, eligible patients were evaluated according to a prespecified protocol including New York Heart Association class assignment, 12-lead ECG, echocardiography, and, if not available in the patient files, a chest x-ray in the anteroposterior and lateral projections. The echocardiographic protocol consisted of the following: (1) 2-dimensional gray scale loops of the parasternal long-axis view, parasternal short-axis view (at the level of papillary muscles), and apical 4-chamber and 2-chamber views; 3 cardiac cycles were recorded in each view along with simultaneous ECG tracing to allow for identification of QRS onset; 3.5-and 5-MHz transducers with a minimal frame rate of 30 per second (ideally 60-90 per second) were used; (2) parasternal long-axis and short-axis M mode; and (3) pulsed Doppler of the RV outflow tract (RVOT) and LV outflow tract, pulsed transmitral Doppler, and qualitative assessment of mitral regurgitation (none=0, mild=1, moderate=2, and severe=3). Recordings were stored on CD/ DVD as raw data from Vivid-GE systems and in Digital Imaging and Communications in Medicine format for other vendors.
Data Analysis
All data were analyzed in a core laboratory (Children's Heart Center, Prague, Czech Republic). First, QRS duration was measured manually as the maximum value in any lead from ECG printouts with a sweep speed of 25 or 50 mm/s. Second, approximate pacing site assignment was performed with the use of 12-lead ECG QRS morphology and axis and biplane chest x-rays to allow grouping into 7 categories for the purpose of statistical evaluation: free wall of the RVOT, lateral RV wall, RV apex, RV septum (any position), LV apex, lateral LV wall, and LV base. We used published algorithms for exact differentiation of the RV septal sites from the RVOT free wall sites. 15 Assignment to the RV lateral wall was performed in case of a leftward QRS axis along with left bundle-branch block morphology. RV and LV apical pacing were characterized by superior axis and left and right bundle-branch block morphology in lead I, respectively. Pacing was assigned to the LV lateral wall or LV base in case of a rightward QRS axis along with right bundle-branch block morphology with further differentiation according to the biplane x-ray. Third, the following echocardiographic analysis, measurements, and calculations were performed:
(1) LV dimensions were measured from the parasternal long-axis M-mode and expressed as Z scores with the use of weight-related normal limits. 16 LV shortening fraction was calculated. (2) LV volumes were measured from the apical 4-and 2-chamber views with the Simpson biplane method. LV ejection fraction (EF) was calculated and graded as follows: normal (LV EF ≥55%), subnormal (LV EF <55%), and significantly decreased (LV EF <45%). (3) Septal to posterior wall motion delay was measured from the parasternal short-axis M mode. 17 When maximum systolic motion was unclear, maximum systolic wall thickening was taken as the maximal excursion. (4) Interventricular mechanical delay was calculated as the difference between LV and RV pre-ejection periods measured from QRS onset to the beginning of ventricular ejection with the use of pulsed Doppler from the RVOT and LV outflow tract.
Speckle tracking analysis was performed in 125 of 178 subjects with echocardiographic raw data available from Vivid-GE equipment (GEVingmed, Horten, Norway) with the use of an EchoPac workstation. Longitudinal segmental strain was calculated in the apical 4-and 2-chamber views and radial strain in the parasternal short-axis view according to standardized myocardial segmentation. 18, 19 Each of the 3 recorded cardiac cycles was inspected visually with examination of both strain rate and strain curves, and the one with the least strain rate noise and unequivocally identifiable strain peaks was used for measurement. Segments automatically rejected by the software or those with unclear peaks were not used for analysis. Measurements were feasible in 938 of 1380 segments (68.0%) in the apical views and 625 of 660 segments (94.7%) in the short-axis view. Peak segmental systolic deformation timing, defined as the time from QRS onset to peak systolic strain, was measured in each segment. Subsequently, mechanical delays were calculated as the median time between peak systolic strain, as follows: (1) septal to lateral delay from the basal segments of the apical 4-chamber view; (2) anterior to inferior delay from the basal segments of the apical 2-chamber view; and (3) septal to lateral, anteroseptal to posterior, and anterior to inferior delays by guest on April 30, 2017 http://circ.ahajournals.org/ Downloaded from from the parasternal short-axis view. Furthermore, a modified strain dyssynchrony index 20 was calculated. This index reflects wasted segmental contraction due to LV dyssynchrony. In brief, the difference between maximum and end-systolic strain (at the time of aortic valve closure as indicated by the end of systolic flow in the LV outflow tract) was measured in each segment and expressed as percentage of the respective maximum segmental strain. The proportion of wasted LV contraction was then calculated separately for the RV and LV pacing sites from the 12 LV segments in the apical 4-and 2-chamber views (basal, mid, and apical levels) and from the 6 segments in the parasternal short-axis view, respectively, as the sum of the segmental values divided by the number of segments. Wasted energy can result from premature end of shortening (maximum falls before aortic valve closure, as occurs in early-activated regions) or from postsystolic shortening (as occurs in late-activated regions). To ensure correct delineation of aortic valve closure, measurements were rejected if the difference between the cardiac cycle length of the aortic outflow Doppler and the respective speckle tracking measurement was >10%.
Statistical Analysis
If not otherwise stated, continuous data are presented as raw means (SDs). Differences in demographic and informative variables between pacing sites were evaluated by 1-way ANOVA with the use of the Holm-Sidak method for pairwise multiple comparisons or by the χ 2 test, as appropriate. The continuous outcome variables characterizing LV function and synchrony were analyzed with the use of a linear mixed model approach. Each model included the set of clinically informative additive covariates in addition to the main factor tested. The continuous covariates included age at implantation, pacing duration, and QRS duration. The dichotomous covariates were gender, presence of maternal antibodies, presence of congenital block, and DDD pacing. The main treatment factor included was the pacing site with 7 levels or a combination of specific pacing sites. In all models, the class variable "contributing center" was included as an additive random effect. For the random center effect, a simple covariance structure was assumed in all models. The statistical test of main treatment effect was an adjusted F test with Kenward-Roger type adjustment of denominator degrees of freedom. For the "site" main effect, multiple comparisons were performed with the use of the (5) 38 (7) 41 (7) 43 (7) 40 (5) 42 (8) 41 (5) 0.359 … LV EF before implantation, % 65 (14) 66 (12) 62 (12) 61 (14) 68 (14) 60 (11) 64 (5) Tukey-Kramer adjustment. The 2 dichotomous variables calculated from LV EF with a cutting point of 45% and 55%, respectively, were analyzed by a generalized mixed linear model. The distribution of the response was set to be binomial, and the probability of LV EF <45% (≥55%) was modeled by a log-link function. The covariates and main treatment effects were the same as for continuous variables. The data for dichotomous response are presented as odds ratios (95% confidence intervals). The difference in the modified strain dyssynchrony index between RV and LV pacing was evaluated by the Mann-Whitney rank sum test. Correlation between 2 continuous variables was evaluated by linear regression. Interobserver variability was tested by the coefficient of variation. 21 SigmaPlot for Windows 
Results
Cross-sectional evaluation was performed at a median age of 11. 
Pacing Sites
In total, 97 patients were paced epicardially and 81 from the endocardium. Patients were not distributed equally with respect to pacing site, reflecting the historical preference for RV pacing (Figure 1 ). Demographic and clinical parameters are summarized in Table 1 . Patients paced from the LV apex were generally younger and had a shorter follow-up and QRS duration. In addition, gender distribution and the proportion of patients with DDD pacing were not equal.
LV Function
LV shortening fraction, biplane EF, and the end-systolic volume index (both available in 157 of 178 patients) were different between pacing sites, whereas the Z score of the LV end-diastolic dimension and the end-diastolic volume index did not differ. LV apex and lateral LV wall pacing yielded significantly higher shortening fraction and EF than did RV pacing sites (Figure 2 ). LV EF was not significantly different between RV septum and RV apex pacing. Patients with RVOT and lateral RV wall pacing had the largest scatter in LV EF, with the lower quartile as low as <38% in the RVOT group ( Figure 2B ). Patients with subnormal LV EF (<55%) were almost exclusively confined to RV pacing sites or LV base pacing, whereas the vast majority of patients paced from the LV apex or lateral wall had completely preserved LV function (Figure 3) . Compared with preimplantation values, the decrease in LV shortening fraction was significant for all RV pacing sites and absent in the LV paced groups (Figure 4) . Comparison of the best and clinically most commonly used RV site (ie, RV apex) with the combination of optimal LV sites (LV apex and lateral LV wall) still yielded a significant difference in favor of LV pacing ( Table 2 ). To elucidate the potential effect of maternal autoantibodies, presence of congenital atrioventricular block, gender, age at implantation, pacing duration, DDD pacing, and QRS duration on LV function, these variables were introduced as covariates. Pacing site was the only significant predictor of both LV EF and shortening fraction (P<0.0001 for both), whereas none of the covariates reached significance. RVOT/lateral RV wall pacing was the only independent predictor of significantly decreased LV EF (<45%), whereas LV apex/lateral LV wall pacing was associated with preservation of LV function (LV EF ≥55%; Tables 3 and 4) . To allow for comparison with a recent multicenter retrospective survey, 8 we also analyzed LV function by whether subjects were RV epicardial, RV endocardial, or LV paced. Results were similar to the previous findings, 8 with LV pacing being superior to RV endocardial or epicardial pacing in terms of LV shortening fraction, LV EF, and change in LV shortening fraction compared with preimplantation values (Table 5) . No difference was found between RV apical epicardial and endocardial pacing.
LV Dyssynchrony
The interventricular and intra-LV delays were significantly different between pacing sites ( Figure 5 ). LV EF and septal to posterior wall motion delay for the individual pacing sites are depicted in Figure 6 . Segmental strain analysis by speckle tracking confirmed this mechanical dyssynchrony pattern ( Figures 7,  8A , and 8B). RV pacing consistently produced delayed LV ejection and a mechanical contraction delay between the septum and LV free wall with the least negative effect of the RV apex pacing site. In contrast, during LV apex and lateral LV wall pacing, both interventricular and intraventricular dyssynchrony were minimal. Pacing sites located toward the LV base resulted in a reversed intra-LV dyssynchrony pattern with early free wall and late septal motion. LV EF was significantly dependent on the degree of LV dyssynchrony ( Figure 8C ).
Contraction Efficiency
The proportion of wasted LV contraction due to dyssynchrony measured by a modification of the strain dyssynchrony index 20 was significantly higher during RV pacing than during LV pacing for both radial and longitudinal systolic function, as follows: median 8.3% (IQR, 5.7-14.5%) versus 3.1% (2.2-3.5%) (P=0.002) and 6.2% (IQR, 5.0-8.2%) versus 2.1% (1.2-3.5%) (P<0.001), respectively.
Interobserver agreement (J.J., I.E.v.G.) was calculated in a total of 28 of 178 patients. Pacing site assignment was equal in 27 of 28 patients. The following coefficients of variation 21 were achieved in the parameters tested: biplane LV EF=9.7%, interventricular mechanical delay=5.7%, septal to posterior wall motion delay=11.2%, and intersegmental mechanical delay from 2-dimensional strain=0.9%.
Discussion
This is the first cross-sectional multicenter study showing significant differences between various ventricular pacing sites in terms of LV synchrony, function, and contraction efficiency in a large group of children who are chronically paced for complete atrioventricular block in the absence of structural heart disease. The results can be summarized as follows:
(1) LV apical and LV lateral wall pacing are associated with the best preservation of LV function, which appears to be related to preserved mechanical synchrony and contraction efficiency.
(2) RV pacing sites carry a high risk for a negative effect on LV performance, coinciding with significant mechanical asynchrony and contraction inefficiency. This effect is most pronounced for RV lateral and RVOT pacing and less pronounced for RV apical pacing. This study strongly supports previous findings of a retrospective pediatric report 7 showing a decrease in LV function specifically due to RV free wall pacing. Our results also confirm data on preservation of LV function with LV apical or LV lateral wall pacing, [10] [11] [12] [13] [14] including a large retrospective pediatric multicenter survey 8 and a recently published experimental study. 22 Our present report does not show any superiority of RV septal over RV apical pacing. This is in agreement with another experimental work published by Mills et al 23 a few years ago. Some clinical studies showed promising results with the use of RV septal lead placement, 24 but clear benefit from RV septal pacing has not yet been demonstrated in a randomized trial, except when the lead is positioned in the His bundle. 25 RV pacing (in contrast to LV pacing) was associated with depressed systolic function and induced a consistent decrease in LV systolic function compared with preimplantation values. This decrease was functionally well tolerated because no difference in New York Heart Association class was observed between the pacing sites. However, given the cross-sectional design of the study, patients suffering from symptomatic heart Data are presented as mean (SD). Numbers in square brackets and in the P value column refer to pacing site categories. EF indicates ejection fraction; LV, left ventricular; LVSF, LV shortening fraction; and RV, right ventricular.
by guest on April 30, 2017 http://circ.ahajournals.org/ Downloaded from failure may have been missed because they were upgraded to a biventricular system, were transplanted, or died. The incidence of patients suffering from heart failure due to RV pacing has been reported to range from 6.0% to 13.4% in previous pediatric reports. [5] [6] [7] Results of this study further indicate that LV pacing may be a substitute for primary biventricular pacing, which has recently been shown to preserve LV function in chronically paced adults. 26 As demonstrated by Tomaske et al 27 and Vanagt et al 28 in small descriptive pediatric reports, LV pacing may also be used instead of biventricular pacing to improve LV function that has been compromised from long-term RV pacing.
QRS duration was not a multivariable predictor of decreased LV function because it reflects the total electric activation time but not the sequence of activation. Recently, a subanalysis of the Multicenter Automatic Defibrillator Implantation TrialCardiac Resynchronization Therapy (MADIT-CRT) has shown that left bundle-branch block morphology rather than QRS duration is the prerequisite for the efficacy of cardiac resynchronization therapy. 29 This implies that a specific activation pattern is more important than total asynchrony. Our study indicates that the negative effects of LV dyssynchrony produced by RV pacing are preventable by LV pacing irrespective of QRS duration.
The presence of maternal autoantibodies in the setting of congenital atrioventricular block was not found to be a component of individual reactivity to pacing-induced LV dyssynchrony as opposed to a study showing association of autoimmune atrioventricular block with dilated cardiomyopathy. 30 None of the patients who were paced from the LV showed decreased LV function, despite the presence of maternal autoantibodies in a significant portion. RV pacing-induced LV dysfunction has been reported previously in the absence of maternal autoantibodies in children with surgical atrioventricular block and could be effectively corrected by an upgrade to biventricular pacing. 31, 32 All of these findings support our statement that the pacing site plays a crucial role in the development of pacing-associated LV dysfunction. 
Study Limitations
This study has limitations related to the unequal number of patients in each pacing site group, significant differences in age at primary implantation, and duration of pacing, as well as the accuracy of the retrospective assessment of the pacing site with the use of surgical records, biplane x-ray, and 12-lead ECG. However, neither age nor duration of pacing was a multivariable predictor of LV dysfunction, and pacing site localization could be performed with acceptable interobserver variability. In addition, there is some degree of uncertainty about the exact proportion of fully captured paced beats during the entire pacing period. However, the vast majority of patients had complete atrioventricular block (171/178) with a low probability of spontaneous rhythm. Moreover, all available 12-lead ECGs showed a permanently paced rhythm in all cases. The lack of atrioventricular synchrony as present in the patients with VVI(R) pacing may have been another confounder. The pacing mode was, however, not a factor influencing LV function in any of the analyses performed. Additionally, biplane LV EFs were not available in all patients. The differences between pacing sites, however, could be confirmed by the analysis of LV shortening fractions. In addition, the study protocol did not include RV evaluation, and potentially negative effects of LV pacing on RV function could therefore not be assessed. One of the legitimate statistical concerns is that a certain bias in the analysis of the mean response is introduced because the patients were not randomized with respect to pacing sites. However, in our approach we addressed this limitation by including all available confounders in all analyzed models as covariates. Propensity score adjustment might be considered an alternative approach. We have not applied it here because the basic assumption for the propensity score analysis, that no additional confounders exist other than those collected on patients, was not verifiable.
Conclusions
The site of ventricular pacing has a major impact on LV mechanical synchrony, efficiency, and pump function in children who require lifelong pacing. Of the sites evaluated in the present study, LV apex/lateral LV wall pacing has the greatest potential to prevent pacing-induced reduction of cardiac pump function, whereas RVOT/lateral RV wall pacing is associated with a high risk of LV dysfunction. Although it is associated with a mild decrease in LV EF in approximately one half of the patients, RV apex pacing is well tolerated in the majority. These data may guide clinicians in selecting proper pacing strategies in a population that will be subjected to several decades of permanent cardiac pacing and in which the aim to optimally preserve LV synchrony and function should be mandatory. Surgical access to the LV is possible with the use of existing tools and at no additional cost: the subxiphoid approach in younger children or, in older ones, a left lateral thoracotomy with an excellent cosmetic result. 33 The results of the present study also provide an important clinical confirmation of previously published experimental research. 22, 23, 34, 35 Table 4 .
The values in the "LV apical and lateral LV wall pacing, %" row were reversed under the LVEF ≥55% and LVEF <55% columns.
The error has been corrected in the current online version of the article. The authors regret the error.
